ABSTRACT Three floor pen experiments (Exp) were conducted to evaluate low nonphytin P (NPP) concentrations and the NPP sparing effect of phytase (PHY) and 25-hydroxycholecalciferol (25D) on bone mineralization, bone breaking during commercial processing, litter P, and water-soluble P (WSP) concentrations. Tested treatments (TRT) were control, National Research Council NPP; University of Maryland (UMD) NPP; UMD + PHY, UMD NPP reduced by 0.064% NPP + 600 U of PHY/kg; UMD + PHY + 25D, UMD NPP reduced by 0.090% NPP + 600 U of PHY and 70 g of 25D/kg; control + PHY mimicked the industry practice of diets by 0.1% when PHY is added; and negative control with 90% UMD NPP concentrations. UMD + PHY and control + PHY diets contained 600 U of PHY/kg, and UMD + PHY + 25D contained 600 U of PHY + 70 g of 25D/kg. Performance results were presented separately. After each Exp, litter P and WSP were determined, and bone measurements were obtained on 8 or 10 broilers per pen. Tested TRT did not affect broiler BW. Femur ash weight of broilers fed the UMD
INTRODUCTION
Recent research suggests that National Research Council (1994) nonphytin P (NPP) recommendations for broiler chickens exceed requirements (Skinner et al., 1992a,b; Angel et al., 2000a,b; Ling et al., 2000; Waldroup et al., 2000; Yan et al., 2000; Dhandu and Angel, 2003; Angel et al., 2005b) . Feed additives such as phytase (PHY) and 25-hydroxycholecalciferol (25D) have been shown to reduce the need for supplemental P by improving the use of dietary phytin P (Mitchell and Edwards, 1996a,b; Yan et al., , 2001 Yan et al., , 2003 Waldroup et al., 2000; Angel et al., 2001 Angel et al., , 2005b . However, most of these studies have not focused on the effect of feeding lower dietary NPP con-1 Corresponding author: rangel@umd.edu 1200 and UMD + PHY + 25D was lower in all Exp compared with that of broilers fed the control diet. Femur ash was similar for control and UMD + PHY broilers, yet averaged over all Exp, UMD + PHY broilers consumed 39% less NPP and required less NPP per gram of femur ash than those on the control (4.87 and 7.77 g of NPP/g of ash, Exp 3). At the end of Exp 3, broilers were processed in a commercial facility. Despite reductions in NPP intake and bone mineralization, no differences were observed in measurements of economic importance (parts lost, carcass yield, and incidence of broken bones). The P excretion per bird was lowest for birds fed the UMD + PHY + 25D diet followed by those fed the UMD + PHY and negative control diets (10.44, 12.00, and 13.78 g of P/bird, respectively) and were highest for those fed the control diet (19.55 g of P/bird). These results suggest that feeding diets low in P together with PHY and 25D will not affect performance or increase losses at processing while resulting in improved P retention and reductions in P and WSP excreted. centrations, with or without feed additives, on processing losses as well as litter P and water-soluble P (WSP).
Commercial implementation of NPP requirements and full implementation of PHY (Kornegay et al., 1996; Angel et al., 2001; Yan et al., 2001 ) and 25D (Mitchell and Edwards, 1996a,b; Sebastian et al., 1996; Biehl and Baker, 1997; Zanini and Sazzad, 1999; Waldroup et al., 2000; Angel et al., 2001 ) efficacies have been limited in part because of the lack of information on the effects of these changes at catching and processing. Limited research has been conducted that focuses on the effect of P nutrition and resulting bone mineralization and how these correlate with catching and processing losses. Two papers have been published that partially address the issue of the impact of reduced dietary P concentrations on processing losses (Moran and Todd, 1994; Chen and Moran, 1995) .
Bone ash has been used extensively as a criterion for evaluating P requirements because it is a more sensitive indicator of dietary P sufficiency than growth rate (Wal-droup et al., 2000; Yan et al., 2001; Dhandu and Angel, 2003) . Research has shown that bone mineral content (BMC) as well as densitometry measurements, using dual-energy x-ray absorptiometry (DXA; Mitchell et al., 1997 Mitchell et al., , 1998a Angel et al., 2004) , can be used to assess bone mineralization. This method allows for accurate determinations of whole body bone density and mineral content (Mitchell et al., 1997; Angel et al., 2004) while resulting in decreased labor and time investment as compared with the traditional bone ash methodology.
Decreasing dietary P, to concentrations that do not impair broiler performance, results in decreased litter P Yan et al., 2000 Yan et al., , 2001 Yan et al., , 2003 Dhandu and Angel, 2003) . Inclusion of PHY in poultry diets results in more of the phytic acid P present in the seed-based ingredients being available and thus absorbed by the animal, reducing the need for supplementation with inorganic dietary sources of NPP such as dicalcium phosphate, hence reducing both dietary Yan et al., 2001; Applegate et al., 2003; Angel et al., 2005a) and litter Saylor et al., 2001 ) P concentrations.
Controversy exists about the effects of the use of PHY on excreted concentrations of WSP and the ratio of WSP to P (Moore et al., 1998; Sims et al., 1999; DeLaune et al., 2004; Saylor et al., 2001) . Phytase releases phosphate groups from the phytate molecule, making the released P available to the animal (Rapp et al., 2001) . If dietary concentrations of inorganic P are not reduced appropriately when PHY is included, excretion of available P will increase, and thus the potential exists for the increases in excreted WSP as well as an increase in the proportion of P that is WSP (Angel et al., 2005a) .
The objectives of the current research were to determine the effect of applying NPP requirements and the NPPsparing effects of PHY and 25D that had previously been determined in battery cages under conditions simulating commercial broiler production on performance, bone mineral measurements, carcass yields, processing losses, and litter P and WSP concentrations. Broiler performance data from this series of studies have been reported previously (Angel et al., 2005b) .
MATERIALS AND METHODS
All procedures used in the broiler chicken experiments (Exp) were approved by the University of Maryland Animal Care and Use Committee. Three floor pen Exp (Exp 1, 2, and 3) of similar design were conducted sequentially using male Ross 308 broiler chickens obtained from a commercial hatchery on the day of hatch. Fifty-six broiler chickens were randomly allocated to 55 pens (0.074 m 2 / bird), and treatment (TRT) assignment to pens for the 3 Exp was identical. A 4-phase feeding program was used: starter (hatch to 18 d), grower (18 to 32 d), finisher (32 to 42 d), and withdrawal (42 to 49 d). Broiler chickens were fed corn-soybean-based diets formulated to meet or exceed National Research Council (1994) nutrient recommendations, except for NPP and Ca. Basal diet ingredient and nutrient (formulated and analyzed) compositions and dietary TRT details are provided in Angel et al. (2005b) . Briefly, 6 dietary TRT were tested: control, National Research Council (NRC; 1994) NPP recommendations; University of Maryland (UMD) NPP recommendations (Angel et al., 2000a (Angel et al., ,b, 2001 Dhandu and Angel, 2003) ; UMD + PHY, UMD NPP concentrations reduced by 0.064% NPP plus 600 U (1 U of PHY is defined as the amount of enzyme required to liberate 1 mol of inorganic P from 1.5 mM Na phytate at pH 5.5 and 37°C; Engelen et al., 1994) of PHY/kg of diet; UMD + PHY + 25D, UMD NPP concentrations reduced by 0.090% NPP plus 600 U of PHY and 70 g of 25D/kg of diet; control + PHY, mimicked industry practice of reducing NRC (1994) concentrations by 0.1% when PHY is added; and negative control (NC) that had 90% UMD NPP concentrations (Table 1 ). The NPP concentrations used for the starter, grower, finisher, and withdrawal phases for the NRC and UMD diets were 0.45 and 0.45, 0.35 and 0.31, 0.35 and 0.23, and 0.30 and 0.18%, respectively. Dietary NPP differences were obtained through the use of different concentrations of monocalcium phosphate. Each TRT was fed to 9 replicate pens, except the NC TRT, which was fed to 10 pens.
All PHY-containing diets were formulated to contain 600 U of PHY from Ronozyme P-CT (DSM Nutritional Products, Basel, Switzerland)/kg of diet after pelleting. Detailed mixing and pelleting information is provided in Angel et al. (2005b) . Hy-D (DSM Nutritional Products) was added to 25D-containing diets to attain an activity of 70 g of 25D/kg of diet. The NPP concentrations in the NC diets in the finisher and withdrawal phases of Exp 3 were modified compared with those of Exp 1 and 2 to be 70 and 56% of the UMD NPP concentrations, respectively, instead of 90%, as in Exp 1 and 2. This change was made because there was no detectable performance effect in broilers fed the NC diets in Exp 1 and 2; thus, the NC was not considered to be a true NC. The reductions in NPP vs. Exp 1 and 2 were chosen based on the results of previous battery pen work (Angel et al., 2000a,b) . Formulated and analyzed concentrations of dietary NPP, Ca, PHY, and 25D for the different feeding phases of each Exp are shown in Table 1 . Analytical details are provided in Angel et al. (2005b) .
At the end of each Exp (49 d), 10 (Exp 1 and 3) or 8 birds (Exp 2) per pen were randomly selected, weighed, killed by cervical dislocation, and frozen until scanned [whole body scan for bone mineral density (BMD) and BMC using DXA (Lunar DPX-L, Lunar Corp., Madison, WI (Mitchell et al., 1997) ]. Tibia mineral density (TMD) and tibia mineral content (TMC) were measured from the total body scans using a region-of-interest analysis that included the right (46%) or left (54%) tibia. Choice of tibia (right or left) was dictated by clarity of scan and targeting a no-side bias (50:50) analysis. Selection of the right or left tibia for analysis was random unless one of the bones was eliminated due to the interference by other bones or poor alignment relative to the scan plane. After DXA analyses, the right tibia and femur were excised Results from Exp 1 and 2 showed that NPP concentrations in finisher and withdrawal phases were not sufficiently low in the NC, therefore NPP concentrations were reduced to 0.16 and 0.10%
in Exp 3 vs. 0.21 and 0.16% in Exp 1 and 2 in the finisher and withdrawal phases, respectively.
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Formulated phytase activity in pelleted diets containing phytase was 600 U/kg of diet. One phytase U is defined as the amount of enzyme required to liberate 1 mol of inorganic P from 1.5 mM of Na phytate at pH 5.5 and 37°C.
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Diets with 25D were formulated to contain 70 g of 25D/kg of diet for all the phases. The analyzed concentrations (g/kg of diet) in starter, grower, finisher and withdrawal phases were 79, 62, 72, and 71, respectively, in Exp 1; 55, 56, 80, and 63, respectively, in Exp 2; and 52, 89, 94, and 93, respectively, in Exp 3. from each bird, all tissue along with the cartilage cap was removed, and dry defatted bone and ash weight, as well as ash percentage, were determined (Association of Official Analytical Chemists, 1990, method 972.15) .
Processing Study
At the end of Exp 3, an additional 22 birds per pen were randomly selected, weighed, and wing-banded to maintain bird identity in the subsequent processing component of this study. These 22 birds per pen were considered as an experimental unit for the processing work. After the birds were wing-banded and weighed, they were placed in one common area within the broiler house, with only water available (feed withdrawal period) to better simulate whole-house catching and to maximize mixing of birds from different pens and TRT, thus minimizing catching pen effects. A commercial catching crew caught the wing-banded birds and transported them to a commercial processing plant 56 km away. Birds were processed (5 to 7 h after feed withdrawal) at the end of a regular shift in the processing plant to avoid mixing of experimental with commercial broilers. The line speed was 93 birds per minute. Carcasses were removed from the line just before entry into the chill tank. Broiler chickens were subjected to standard processing procedures [stunning (12 V and 0.2 mA for 6 s), bleeding, 3-stage scalding, picking (models Meyn JM64 and Linco D-22E, Davis Poultry Equipment, Dawsonville, GA), mechanical evisceration (model AE3, Johnson Food Equipment, Kansas City, KS), and normal inspection]. Plant as well as federal quality-control personnel inspected all birds for defects. Plant personnel condemned whole carcasses and removed parts for discarding, employing normal commercial standards. The only exception was that the wingbanded wing, if defective, was not removed so that bird identification would not be lost. If the wing was defective (broken or heavily bruised), it was noted upon inspection, and broken wings were considered to have been removed during normal processing and inspection for calculating yield.
Hot carcass weight was recorded and used to determine dressing percentage. The hot carcasses were examined for bruises by area [breast, legs (thigh and drumstick), and wings] and for broken legs (thigh and drumstick) and wings. Plant personnel then deboned carcasses to obtain breast meat (pectoralis major and minor) with skin, legs (thigh and drumstick), wings, and barrel (rib cage and back bone). All parts were saved and weighed to determine percentage of parts yield. Right tibia and femur from all processed birds were then removed as previously described, and dry defatted ash weight and ash percentage were determined (Association of Official Analytical Chemists, 1990, method 972.15 ).
Litter Study
Fresh pine shavings were weighed into each pen at the start of Exp 1, and a composite sample was taken for moisture, P, and WSP analysis. Between Exp, a composite litter sample was taken from each pen. Litter was sampled at 6 locations within each pen, with sampling occurring to the depth of the litter at each sample point. Litter samples from the 6 locations were pooled, mixed, and a composite sample (approximately 250 g) was taken; the remaining composite litter was returned immediately to the appropriate pen. After sampling, the litter in each pen was thoroughly mixed, which resulted in the cake being ground and mixed into the litter. There was no addition of fresh litter among flocks. At the end of Exp 3, all litter from each pen was removed, weighed, mixed, and sampled. Litter was ground to pass through a 1-mm screen and analyzed for moisture (Association of Official Analytical Chemists, 1990, method 967.03), P (Heinonen and Lahti, 1981) and WSP (Self-Davis and Moore, 2000) .
Statistical Analysis
The experimental design was a randomized complete block with unequal replication. Pen was the experimental unit. The percentages (bruised or broken back, breast, wings, and legs) were transformed (arcsine square root) to meet the assumptions of ANOVA (Sokal and Rohlf, 1996) . Data presented in tables are the arcsine mean values that were back transformed. If the overall effect of TRT was significant (P ≤ 0.05) in the model, then differences between individual TRT means were separated by least significant difference test (Sokal and Rohlf, 1996) using SAS software (Statistical Analysis System, 2000) . A probability of P ≤ 0.05 was considered significant.
RESULTS
There were no differences in 49-d BW of the 10 or 8 broiler chickens per pen that were randomly sampled for bone mineral measurement in any of the Exp (Table 2) . Detailed performance results for these Exp are given in Angel et al. (2005b) . Regardless of Exp, hatch to 49-d NPP intake (NPPI) was greatest in birds fed the control diets, followed by those fed the control + PHY and UMD diets and least for those fed the UMD + PHY and UMD + PHY + 25D diets (Table 2) . Dry tibia and femur weight was similar for all TRT except in Exp 1 in which birds fed the NC diets had lower dry tibia and femur weight than those on the control diets (Table 2) . Femur ash weight of broilers fed the control diets was greater than that of broilers fed the UMD diets but not different from those fed UMD + PHY diets. There was no difference in either femur or tibia dry weight, ash weight, or ash percentage of broilers fed the UMD + PHY or control + PHY diets, yet the ratio of NPPI to femur or tibia weight or ash weight of broilers fed the UMD + PHY diet was lower than that of birds fed the control + PHY diets, and the lowest ratio was in broilers fed the UMD + PHY + 25D diets. The greatest NPPI per the femur, tibia dry weight, or ash weight was for broilers fed the control diets and least for those fed the UMD + PHY + 25D diets ( Table 2 ). The F-ratio of tibia weight, ash weight, and ash percentage data were Ratio of NPPI to femur or tibia dry defatted bone or ash weight.
5
Values are means of 9 replicate pens, except for NC that had 10 replicate pens. Each pen had 56 birds, of which 10 birds were randomly sampled for analysis in Exp 1 and 3 and 8 birds in Exp 2. 6 Weighted average of the SEM. less than those for femur (Table 2) , and thus sensitivity of the femur measurements was greater.
Results of DXA analyses were similar to those of bone ash. Broilers fed control diets had greater BMC, BMD, TMC, and TMD than those of broilers fed the NC diets in all Exp, except BMD in Exp 2 (Table 3) . As with ash measurements, BMD, TMC, and TMD of birds fed UMD + PHY diets were not different from those of broiler chickens fed the control + PHY diets. Unlike femur ash weight, BMC of broilers fed control diets were greater than those fed any of the other TRT diets, in Exp 1 and 3, except for broilers fed control + PHY diets (Exp 1). The intake of NPP per gram of BMD, BMC, TMD, or TMC was greatest for birds fed the control diets and least for those fed the UMD + PHY + 25D diets. For data derived by DXA, there was no consistently greater F-ratio by tissue (whole carcass or drum) or by type of measurement (mineral density or content) for any of the measurements taken (Table 3) , and thus there is no tissue or measure that clearly provides higher sensitivity to bone mineralization changes using this methodology.
Processing Study
In the processing part of Exp 3, where 22 broilers per pen were randomly sampled and commercially processed, the incidence of bruising (back, breast, wings, or legs) or of broken wings and legs between dietary TRT was not different (Table 4) . Live and hot carcass weights of broilers fed the NC diets were less than those of broilers fed the control, UMD, and UMD + PHY diets. No differences in hot carcass yield or carcass parts yield were detectable between TRT (Table 5) . Similarly, no differences were noted in carcass part weights, except that broilers fed NC diets had lower leg weight than those fed other TRT. However, an effect of dietary TRT was Table 3 . Nonphytin P (NPP) intake, whole body bone mineral content (BMC), whole body bone mineral density (BMD) Values in a column with different superscript letters differ (P ≤ 0.05).
1 National Research Council (NRC) NPP recommendations; University of Maryland (UMD) NPP recommendations; UMD + phytase (PHY), UMD NPP concentrations reduced by 0.064% NPP plus 600 units (U) of PHY/kg diet; UMD + PHY + 25-hydroxycholecalciferol (25D), UMD NPP concentrations reduced by 0.090% NPP plus 600 U of PHY and 70 g 25D/kg diet; control + PHY, mimicked the industry practice of reducing NRC concentrations by 0.1% when PHY is added; and negative control (NC) that had 90% UMD NPP concentrations, except in the finishing and withdrawal phases of Exp 3. The BMC and BMD of whole carcasses and TMC and TMD of tibia were determined by dual energy x-ray absorptiometry. 4 The NPPI to BMC, BMD, TMC, or TMD was the ratio of NPPI to mineral content or density.
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Values are means of 9 replicate pens except for the NC that had 10 replicate pens. Each pen had 56 birds, of which 10 birds were randomly sampled for analysis in Exp 1 and 3 and 8 birds in Exp 2. 6 Weighted average of the SEM. observed for both femur and tibia ash of the processed birds (Table 6 ). Femur and tibia weight, ash weight, and ash percentage of broilers fed control diets were greater than of those fed the NC diets (Table 6 ). Femur weight, percentage of femur ash, tibia weight, tibia ash weight, and percentage of tibia ash were similar between broiler chickens fed the control and UMD diets. The only bone mineralization measure that was less in broilers fed the UMD diets as compared with those fed the control diets was femur ash weight. There were no differences in any of the bone mineralization measures for broilers fed the control diets as compared with those fed the UMD + PHY diets. Broilers fed control diets had the highest NPPI to femur dry weight or tibia dry weight and ash weight (Table 6 ). Broilers fed UMD + PHY + 25D diets had the lowest NPPI per gram of femur dry weight, tibia dry weight, or tibia ash weight, followed by broilers fed UMD + PHY diets.
P Consumption, Excretion, and Retention and Effect on Litter P
Cumulative over the 3 Exp, P consumption per bird (hatch to 49 d) and P excretion were highest in broilers fed the control diets and lowest in those fed the UMD + PHY and UMD + PHY + 25D diets (Table 7 ). The reduction in P excretion from the birds on the control diets to the birds on UMD + PHY + 25D was 9.11 g/bird. Retention of P was improved from 40.19% in control-fed broilers to 53.40 and 56.13% in broilers provided UMD + PHY and UMD + PHY + 25D, respectively.
There was no difference between TRT in initial or final litter weight (Table 7) , but weight of litter dry matter increased almost 4-fold during the 3 Exp, even though no litter was added as top dress. Thus, the increase in litter weight was due to excreta dry matter deposited to the litter during the studies. Litter P concentration was Values are means of 9 replicate pens, except for NC that had 10 replicate pens; 22 birds per pen were randomly selected for processing. Percentage data were transformed using the arcsine function to satisfy the assumptions of normality and homogeneity of variances for statistical analysis; the values shown are inverse conversion of arcsine means to percentages. greatest in pens where broilers fed the control diets were raised and lowest in pens where broilers fed the UMD + PHY and UMD + PHY + 25D diets were raised (Table 8) . The greatest increase in percentage of litter P above the P concentration of newly placed litter was during the first experiment, followed by the second and then by the third experiment Litter P concentration increased little during Exp 3. The quantity of WSP in litter was greatest in pens where broilers were fed the control diets, followed by those fed the control + PHY for all Exp (Table 8 ). The lowest litter WSP concentration, in Exp 1 and 2, was observed in pens where broilers were fed the UMD, UMD + PHY, UMD + PHY + 25D, and NC diet (Table 8) . By the end of Exp 3, litter WSP concentration was least in pens where broilers were fed the UMD + PHY + 25D and UMD + PHY diets.
DISCUSSION

Sensitivity of Bone and Mineralization Methodologies to Changes in Bone Mineralization
Femur and tibia mineralization were determined in these Exp using different methodologies. This was done to determine which bone and which method resulted in the greatest sensitivity to changes in mineralization. In these Exp, the F-ratios of femur measurements were greater than those of the tibia, except for femur weight in Exp 1. These greater F-ratios for femur mineralization measures allowed for greater sensitivity and thus for greater separation of TRT effects than was possible based on tibia mineralization measures. The F-ratios indicated that BMC was more sensitive than BMD. Selective scanning of tibia increased precision compared with wholecarcass scanning, in Exp 1 and 3, which was indicated by the higher F-ratios in TMC vs. BMC. In comparing the F-ratios of DXA (TMC) and femur ash weight, it is clear that greater separation of TRT is possible with TMC than ash weight. These results agree with those of Akpe et al. (1987) , who reported that 3-point densitometry measurements had a higher F-ratio than bone ash percentage. Overall, the results from DXA measurements are consistent with those of the bone ash measurements and are in agreement with those of Akpe et al. (1987) and Mitchell et al. (1997) , who reported that ash percentage and BMC are correlated.
Impact of Dietary TRT on Bone Mineralization
Femur ash weight of broilers fed control diets was greater in all Exp than that of broilers fed the UMD diets, which was not the case for tibia ash weight. However, it has been reported previously that femur ash in the latter phases of growth is a better indicator of bone mineralization status (Moran and Todd, 1994; Chen and Moran, 1995; Dhandu and Angel, 2003) . The effect on femur ash is contrary to what had been found in previous battery pen studies (Angel et al., 2000a,b; Ling et al., 2000; Dhandu and Angel, 2003) . These researchers determined P requirements for male Ross 308 broilers based on the response criterion that no differences in bone ash would be observed when diets were compared with an industry control diet, with no margin of safety built into the requirement. This discrepancy in results can be attributed at least in part to the lower determined NPP concentration in most UMD diets compared with the formulated concentrations in all the Exp of the current study. This difference resulted in broilers fed the UMD diets consuming less NPP than the required concentration, resulting in decreased femur ash weight. Values in a column with different superscript letters differ (P ≤ 0.05).
1 National Research Council (NRC) nonphytin P (NPP) recommendations; University of Maryland (UMD) NPP recommendations; UMD + phytase (PHY), UMD NPP concentrations reduced by 0.064% NPP plus 600 units (U) of PHY/kg diet; UMD + PHY + 25-hydroxycholecalciferol (25D), UMD NPP concentrations reduced by 0.090% NPP plus 600 U of PHY and 70 g 25D/kg diet; control + PHY, mimicked the industry practice of reducing NRC concentrations by 0.1% when PHY is added; and negative control (NC) that had 90% UMD NPP concentrations, except in the finishing and withdrawal phases of Exp 3. Hot carcass weight taken just prior to chill tank.
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Hot carcass as a percentage of full-farm BW.
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Weight of both pectoralis major and minor (butterfly cut) with skin, removed by processing plant deboning personnel.
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Wing includes humerus, radio-ulna, and metacarpals. Barrel defined as rib cage and backbone.
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Values are means of 9 replicate pens except for NC that had 10 replicate pens; 22 birds per pen were randomly selected for processing.
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Weighted average of the SEM.
In contrast, the NPP equivalency of PHY as determined in battery pens (Angel et al., 2001 ) could be applied directly since no difference in the ash weight of broilers fed the control or UMD + PHY diet was detected. Lack of differences in the femur and tibia ash weight of broilers fed the control + PHY or UMD + PHY diets indicates that excess dietary NPP was provided to broilers fed control + PHY diet. The fact that excess NPP was consumed by Values in a column with different superscript letters differ (P ≤ 0.05).
1 National Research Council (NRC) nonphytin P (NPP) recommendations; University of Maryland (UMD) NPP recommendations; UMD + phytase (PHY), UMD NPP concentrations reduced by 0.064% NPP plus 600 units (U) of PHY/kg diet; UMD + PHY + 25-hydroxycholecalciferol (25D), UMD NPP concentrations reduced by 0.090% NPP plus 600 U of PHY and 70 g 25D/kg diet; control + PHY, mimicked the industry practice of reducing NRC concentrations by 0.1% when PHY is added; and negative control (NC) that had 90% UMD NPP concentrations, except in the finishing and withdrawal phases of Exp 3. Ratio of NPPI to femur or tibia dry defatted weight or ash weight.
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Values are means of 9 replicate pens, except for the NC that had 10 replicate pens; 22 birds per pen were randomly selected for processing. 6 Weighted average of the SEM.
broilers fed the control + PHY is evident in the higher NPPI to femur ash weight ratio and in the P and WSP concentrations in litter after 3 trials as compared with those of broilers fed the UMD + PHY. Broilers fed control diets consumed almost 1 g more NPP per gram of femur ash weight compared with those fed UMD + PHY diets. Broilers fed UMD + PHY + 25D diets consumed the lowest NPP per gram of ash weight, yet ash measurements were Table 7 . Cumulative consumed, excreted, and retained P; litter water-soluble P (WSP); and initial and final litter weights on a dry matter basis over experiments (Exp) 1, 2, and 3
Consumed
Initial Values in a column with different superscript letters differ (P ≤ 0.05).
1 National Research Council (NRC) nonphytin P (NPP) recommendations; University of Maryland (UMD) NPP recommendations; UMD + phytase (PHY), UMD NPP concentrations reduced by 0.064% NPP plus 600 units (U) of PHY/kg diet; UMD + PHY + 25-hydroxycholecalciferol (25D), UMD NPP concentrations reduced by 0.090% NPP plus 600 U of PHY and 70 g 25D/kg diet; control + PHY, mimicked the industry practice of reducing NRC concentrations by 0.1% when PHY is added; and negative control (NC) that had 90% UMD NPP concentrations, except in the finishing and withdrawal phases of Exp 3. Based on P in litter at the end of Exp 3 − P in litter at the start of Exp 1 ÷ the number of birds that were finished over the 3 Exp, by pen.
5
Percentage P retained, calculated based on P consumed (from analyzed diet P), and P excreted for the 3 Exp.
6
Based on WSP concentration in litter and weight of litter at the end of Exp 3. 7 Values are means of 9 replicate pens, except for NC that had 10 replicate pens. (Biehl et al., 1995; Angel et al., 2001 ) and turkeys (Angel et al., 2002) . Values in a column with different superscript letters differ (P ≤ 0.05).
1 National Research Council (NRC) nonphytin P (NPP) recommendations; University of Maryland (UMD) NPP recommendations; UMD + phytase (PHY), UMD NPP concentrations reduced by 0.064% NPP plus 600 units (U) of PHY/kg diet; UMD + PHY + 25-hydroxycholecalciferol (25D), UMD NPP concentrations reduced by 0.090% NPP plus 600 U of PHY and 70 g 25D/kg diet; control + PHY, mimicked the industry practice of reducing NRC concentrations by 0.1% when PHY is added; and negative control (NC) that had 90% UMD NPP concentrations, except in the finishing and withdrawal phases of Exp 3. Values are means of 9 replicate pens, except for NC that had 10 replicate pens. 6 Weighted average of the SEM.
Impact of Dietary TRT on Processing Yields
Even though there were differences in P and NPPI as well as bone ash weight and density measurements in Exp 3, no differences in carcass yield or in the incidence of bruised parts or broken legs and wings were observed at processing. These results are contrary to those reported by Moran and Todd (1994) . In their work, drumstick bruising (P ≤ 0.06) and deformation of drumsticks (P ≤ 0.05) was increased as a result of feeding a low-P diet.
However, key differences exist between the 2 studies. In the Moran and Todd (1994) study, 3 age phases were used with broilers on the control and low-P diets fed, calculated, available P concentrations of 0.40, 0.35, and 0.31% on the control diets and 0.31, 0.28, and 0.25% on the low-P diets in the starter (hatch to 21 d), grower (21 to 42 d) and finisher (42 to 56 d) phases, respectively. Available P concentrations for the control diets were higher than those fed in the current study, but those in the low-P starter phase were much lower than those in the current study. This early severe deficiency can result in deficiency signs later in the growth phase (Persia et al., 2005) . Moreover, the 56-d BW of the NC in the Moran and Todd (1994) research was 2,740 g, whereas the 49-d BW of the processed birds in the current research was 2,816 g. Overall, broilers in the Chen and Moran (1995) research consumed more NPP over a longer period and gained less weight compared with the NC birds in the current research.
There was no effect of the different TRT on processing yield of the body parts measured. These results are in agreement with those of Moran and Todd (1994) , who reported no differences in the chilled carcass weight. Percentage yields of the different parts in the current study are in agreement with those reported by Moran and Todd (1994) and Chen and Moran (1995) .
Tibia and femur ash of processed birds were analyzed to test the effect of stress of processing (catching, transportation, stunning, scalding, picking, and evisceration). Even though there was no effect of TRT on visual carcass inspection or on percentage parts yields, there were TRT differences in the femur and tibia measurements of the processed birds. The ash results were similar to the ash and DXA measurements of broilers that were not sent to the processing plant.
Impact of Dietary TRT on Litter Weight, P, and WSP
There was a 3.5-fold increase in dry matter weight of litter between the start of Exp 1 and the end of Exp 3. The only possible contributor to this increase in weight is the excreta itself. Given this weight increase and its source, the pine shavings accounted for approximately 27% of the weight of the litter by the end of the third flock. Concentration of P in litter was similar after Exp 2 and 3 in all TRT except the control TRT. Once litter is constituted primarily by excreta, P concentration will not change greatly over time, making it more important to measure actual mass of P rather than the concentration of P in the excreta to determine effect on the environment.
Grams of P excreted by broilers, from hatch to 49 d of age (average BW of 2.9 kg/bird) fed UMD diets were less (14.89 g/bird) than that excreted by broilers fed the control diets (19.55 g/bird). The feeding requirement decreased excreted P by 4.66 g/bird, a reduction of nearly 24%. This result corroborates the findings of Waldroup et al. (2000) and Yan et al. (2000) , who reported reductions of 25 to 28% in litter P when broilers were fed closer requirements. Further decreases in excreted P were achieved when the UMD + PHY and the UMD + PHY + 25D were imposed, resulting in decreases of 7.55 and 9.11 g/bird, respectively, as compared with birds fed the control diet. A maximum reduction of 46% in excreted P was observed when PHY and 25D were used.
Concentration of WSP was highest in litter from pens where broilers were fed excessive P or excessive P in the presence of PHY. These findings agree with those of Moore et al. (1998) , Applegate et al. (2003) , Maguire et al. (2003) , and Angel et al. (2005a) . Addition of PHY to diets containing an adequate or excessive amount of P resulted in higher WSP concentrations (0.46% WSP in litter after 3 flocks of broilers were fed the control + PHY) as compared with that of broilers fed at NPP requirements (0.29% WSP). Correct use of PHY resulted in reduced WSP concentration (0.29 vs. 0.24% WSP) after 3 flocks in the litter from pens where broilers were fed the UMD and UMD + PHY, respectively. These results agree with those of Moore et al. (1998) , Applegate et al. (2003) , Maguire et al. (2003) , and Angel et al. (2005a) but are in contrast to those of DeLaune et al. (2001) . Differences in methodologies and excreta and litter handling prior to analysis appear to account for this discrepancy (Angel et al., 2005a) .
Overall, the UMD NPP requirements should be used with care, and safety margins must be applied by industry nutritionists based on their specific ingredient nutrient formulation matrix accuracy and broiler production management limitations. The addition of PHY and 25D with the appropriate reduction in dietary NPP results in reduced feed and litter P without any deleterious affects on performance or processing yields in broilers. Consistently in these 3 Exp, correct use of PHY resulted in reductions in litter WSP concentration and no change in the amount of P constituted by WSP. Feeding of appropriately reduced NPP concentrations with the addition of PHY resulted in bone mineralization that was not different than that of birds fed UMD-recommended concentrations. Further reductions in diet NPP beyond the current industry practice of reducing NRC (1994) NPP concentrations by 0.1% when PHY is included in the diet can be made without affecting the bone mineralization. Finally, processing work shows that there is no effect of small reductions in bone mineralization, as compared with NRC (1994)-recommended concentrations, on condemnations or losses at the processing plant. Processing results from the current work show that bones need not be fully mineralized to prevent condemnations at processing. Future work needs to be conducted to determine at what concentration of dietary NPP there would be increased condemnations at processing. without which this project could not have been done; DSM Nutritional Products (Basel, Switzerland) for donating the Ronozyme P (CT), Hy-D, and vitamin premix used in these studies. Funding for the project was provided by USDA grant program Initiative for Future Agriculture and Food System (00-52103-9700).
